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Abstract

This paper presents the results of a study whose main objective was to determine which type of
fabrication process would least affect the fatigue life of an open-hole structural detail. Since the
open-hole detail is often the fundamental building block for determining the stress concentration
of built-up structural parts, it isimportant to understand any factor that can affect the fatigue life
of an open hole. A test program of constant-amplitude fatigue tests was conducted on five
different sets of test specimens each made using a different hole fabrication process. Three of
the sets used different mechanical drilling procedures while afourth and fifth set were
mechanically drilled and then chemically polished. Two sets of specimens were also tested
under spectrum loading to aid in understanding the effects of residual compressive stresses on
fatigue life. Three conclusions were made from this study. One, the residual compressive
stresses caused by the hole-drilling process increased the fatigue life by two to three times over
specimens that were chemically polished after the holes were drilled. Second, the chemical
polishing process does not appear to adversely affect the fatigue life. Third, the chemical
polishing process will produce a stress-state adjacent to the hole that has insignificant machining
residual stresses.

I ntroduction

The fatigue life of metal structuresis often affected by the machining process that isused in
fabricating the structure (ref. 1). The machining process can increase or decrease the fatigue life.
The effect of the machining process on fatigue life occurs even on the simplest of structural
details, such as an open hole. Anopen-holeis herein defined as ahole that is drilled through the
thickness of a sheet of material where arivet would be inserted to join two sheets of a materia to
form ajoint. Since the open-hole detail is often the fundamental building block for determining
the stress concentration of built-up structural parts, it isimportant that any factor that can affect
the fatigue life of the open hole be well known. The main objective of thiswork is to determine
which type of fabrication process would have the least effect on the fatigue life of the open hole
structural detail.

Thiswork was initiated during the process of evaluating the load interaction effects that could
possibly occur from the load sequences that are experienced by commercial transport fixed-wing
aircraft. At the start of this study it was originally decided to use a drilling process that was
typical of the type used in the aircraft industry. Here a pilot holeis drilled and then followed by
areamer that would bring the hole size to the desired diameter. Since it was known that hole
drilling can enhance fatigue life by placing residual compressive stresses at the surface of the
hole, it was decided to compare the fatigue life of holes made with atypical industry technique to
aprocess that has been used to minimize the compressive residual stresses. If the effect on
fatigue life using the industry drilling technique was significant, it would be preferred to use a
drilling process that had the minimal affect on fatigue life so the affects of the loading sequence
on fatigue life could be studied without the analytical complications that compressive residual
stresses would impose.

Three mechanical drilling procedures were used to make the open hole test specimens. One
of the mechanical procedures was typical of a procedure used in the commercial fixed-wing
aircraft industry. A fourth and fifth group of test specimens were mechanically drilled and then
chemically polished to remove residual-stress-affected material and tool marks. Details of these
procedures will be given in another section of this paper.



Test Program

To assess the affect on fatigue life of the fabrication procedure used to make an open hole,
constant-amplitude fatigue tests at a stress ratio, R = -1, were conducted on 2024 aluminum alloy
test specimens where the hole was made with severa drilling techniques. Spectrum load tests
were also conducted to help clarify the issue of whether chemically polishing adversely affects
the fatigue life. This section describes the material, test specimen configuration, constant-
amplitude and spectrum load tests, and the drilling procedures used to make the holes.

Material and Test Specimen Configuration

The material used for this study was 2024-T3 aluminum alloy sheet taken from a stock of
material at the NASA Langley Research Center which has been used for fatigue and fracture
studies over several decades (ref. 2,3). The alloy 2024 has been used in the lower wing skin of
many commercial transport aircraft. The material from the Langley stock has ayield strength of
52 ksi and an ultimate tensile strength of 72 ksi (ref. 3). The fatigue endurance limit for this
material was shown to be approximately 8 ksi from a previous test program (ref. 4). The
nominal thickness of this sheet material is 0.090 inches.

The test specimens were machined to the configuration shown in Figure 1. The center hole
diameter was 0.25 inches which resulted in an elastic stress concentration factor, kr , of 3.02
based on gross section (width=3.33 inch), or 2.79 based on net section (width=3.08 inch).

Constant-Amplitude Tests

All constant-amplitude tests were conducted in servohydraulic, electronically- controlled test
stands at astressratio, R=-1. Thetests were run at a cyclic frequency of 10 Hz and loads were
controlled within 1 percent. All fatigue lives reported herein correspond to specimen failure.
The maximum stress level for all tests was 13.6 ksi based on the gross section. With aky of 3.02
(gross section) the stress adjacent to the hole was below the yield stress of the material. This
was considered essentia because yielding the material adjacent to the hole would possibly
negate any residual stresses placed in the material by the hole fabrication procedure. Guide
plates were used to prevent buckling under the compressive loads. The guide plates were lined
with teflon sheets to reduce friction between the specimen and guides and were loosely bolted on
either side of the test specimens.

Spectrum Tests

Fatigue spectrum tests were also conducted using a test spectrum typical of fixed-wing
commercial transport aircraft. To protect proprietary information in this paper the spectrum is
referred to as commercial transport, type A. Theloads in this spectrum are typical of those
experienced on the lower wing surface. Asin the constant-amplitude tests, guide plates were
used to prevent buckling under compressive loadings. These tests were run in a servohydraulic,
electronically-controlled test machines with loads controlled within 1 percent.



Hole Fabrication Procedures

Test specimens were fabricated using five different procedures to make the holes. Three sets
were mechanically drilled and two sets were drilled and then chemically polished. The
following sections will describe these procedures.

Two drills, sanded. This fabrication procedureis similar to a procedure used in the fabrication of
fixed-wing commercial transports. First, apilot hole isdrilled about 0.01 inches less than the
fina hole diameter with an aluminum backing plate to reduce burrs. Then areamer is used to
produce the desired hole diameter. Finally, the specimen surface is sanded around the hole using
600 grit paper. Burrsinside the hole are not removed.

Four drills, deburred. Four progressively larger drill sizes are used to obtain the desired hole
size. A pilot holeisfirst drilled to about 0.016 inches less than the hole diameter desired. Final
cuts are made removing 0.010 inches of material, then 0.004 inches, and finally 0.002 inches.
The hole is then deburred on the specimen surface and inside the hole with 600 grit paper.

Multi-drills. Seven progressively larger drill sizes are used to obtain the desired hole size. For
the 0.25 inch hole used in this study the drill sizeswere asfollows: 1/8, 5/32, 3/16, 13/64, 7/32,
0.238, and then areamer to obtain the 0.25 inch final diameter. The hole isthen deburred on the
specimen surface and inside the hole with 600 grit paper.

Two drills, chemically polished. This procedure uses the same drilling technique as the two
drills, sanded procedure described above, except the specimen surface is chemically polished
after drilling and not sanded. The chemically polishing solution is 80% phosphoric acid, 5%
nitric acid, 5% acetic acid, and 10% water, by volume (ref. 4). The solution is heated to 220° F
for five minutes. The chemical polishing procedure is designed to deburr the hole as well asto
remove alayer of material that might contain machining residual stresses. Specimens were
submerged in the solution for five minutes.

Four drills, chemically polished. This procedure uses the same drilling technique as the four
drills, deburred procedure described previously. After the hole has been mechanically drilled,
the chemically polishing procedure just described is used to remove any burrs while removing a
layer of material that might contain machining residual stresses. Specimens were submerged in
the solution for five minutes.

Results and Discussion

Either eight or ten constant-amplitude fatigue tests were conducted for each type of hole
preparation. Each set was conducted at R=-1 and a maximum stress of 13.6 ksi. As previously
stated, this keeps the local stress adjacent to the hole at approximately 26 % of the yield stress of
the material. Hence, the stress state at the hole should be that of the combined effect of the
applied loading and any residual machining stresses resulting from the hole drilling process. In
the discussion that follows two major groups of test specimens are presented. The first group are
tests that were done on specimens where the holes were mechanically drilled. The second major



group of specimens were chemically polished after the holes were drilled in order to deburr the
holes as well asremove alayer of material that might contain machining residual stresses.

Figure 2 shows the results of the constant-amplitude fatigue tests. The trend of the test data
shows that the average fatigue life of the mechanically-drilled holesis two to three times more
than the chemically polished specimens. Three possible explanations for this observation are
proposed. Thefirst explanation that could be made is that the mechanically-drilled specimens
had a longer average fatigue life because the drilling process left aresidual compressive stress
field adjacent to the hole which reduced the local stress state and enhanced the fatigue life. A
second possibility isthat the chemically-polished holes removed these compressive residual
stresses thus decreasing the fatigue life. However, athird possible explanation would be that pits
caused by the chemical-polishing procedure could act as crack initiation sites that would shorten
the fatigue lives of these specimens. These three possibilities will be discussed in the following
sections.

Mechanically-Drilled Test Results

A previous cooperative test program of AGARD (Advisory Group For Aerospace Research
& Development), (ref. 3), was conducted to study the growth of short-cracks in 2024-T3
aluminum alloy. One of the conclusions of this program was that mechanically- drilled holes can
leave compressive residual stresses that often increase fatigue lives. The results of the tests
performed in this study, and shown in Figure 2, support this conclusion. If it can be shown that
chemical polishing does not adversely affect the fatigue life of 2024-T3, but merely removes the
compressive residual stresses this conclusion will be further substantiated. The next section of
this paper will attempt to show that the chemical-polishing procedure does not adversely affect
the fatigue life of 2024-T3 aluminum alloy.

Chemically-Polished Test Results

Three sources of test datatend to support the conclusion that the chemical polishing procedure
does not adversely affect the fatigue life of 2024-T3 aluminum alloy. Previoustest programson
this material have been conducted using chemically-polished specimens where scanning electron
microscope examinations showed that the fatigue cracks started from metallurgical sites such as
inclusion particles (ref. 3) and not from pits induced by the polishing procedure (ref. 3). Another
polishing procedure that is often used on fatigue specimensiis electro-polishing. A set of fatigue
tests run on specimens that were electro-polished were conducted on the Langley stock of
materia in the late 1950's (ref. 4). The results of these tests superimposed on the tests from this
current study are shown in Figure 3. Although the testsin reference 3 were conducted on test
specimens that had widths of two and four inches, these widths were on either side of the current
test specimen width which was 3.3 inches. A comparison of the test results in Figure 3 shows
very good agreement between the electro-polished specimens and the chemically polished
specimens. Further evidence of the use of electro-polishing as an approved method for fatigue
specimen finishing is that this procedure has often been used on specimens whose fatigue test
results are reported in the military specifications (ref. 5). The microscopic examinations from
the work done in reference 2 and the favorable comparison of the electro-polishing data to the
current chemically polished test data, indicate that chemically polishing does not affect the
fatigue life of 2024-T3 aluminum alloy.



Spectrum-Test Results

Another indication that chemical polishing does not adversely affect fatigue life comes from
fatigue spectrum tests that were conducted as a part of this study. These tests were run using a
typica commercial transport loading spectrum described previously. One pass through the load
spectrum contains 208,022 cycles with an average R = 0.5. Ten tests were run on each of two
groups of specimens. One group was fabricated using the 4-drill chemically polished procedure
and the other group was the 2-drill sanded specimens with no chemically polishing. Test results
from these tests are shown in Figure 4. The test results shown on this figure show very little
difference in the average fatigue lives of the two sets of specimens (2,790,000 versus 2,460,000
cycles) indicating that the local stress states are similar for both specimen groups and that any
pitting that could possibly result from the chemical polishing procedure has very little influence
on fatigue life. The applied loads in these spectrum tests were high enough so that the local
stresses adjacent to the hole exceeded the yield stress of the material approximately 15% of the
timein 1,000,000 cycles. As stated previously, when applied loads cause the local stresses to
exceed the yield stress of the material, the compressive residual stresses caused by the hole
drilling procedures are negated (ref. 6).

Conclusions

This paper presented the results of a study whose main objective was to determine which
type of fabrication process would least affect the fatigue life of the open-hole structural detail.
Three conclusions can be drawn from this study.

1. The machining processes used to drill holesin 2024-T3 aluminum alloy resulted in an
increase in fatigue life when compared to the fatigue lives of the chemically polished specimens.
Presumably this life enhancement is due to compressive residual stresses |eft in the specimen
from the drilling process.

2. The chemical polishing technique used in this study produces similar results to other non-
mechanical polishing methods and does not adversely affect the fatigue life of 2024-T3
aluminum alloy.

3. A chemical polishing technique like that use in this study appears to reduce the residual
stress-state adjacent to adrilled hole.
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